Objective: The conflicting findings of previous morphological studies on intracranial aneurysm rupture may be caused by the different locations of aneurysms. We aimed to determine the independent risk factors of aneurysm rupture by focusing on only posterior communicating artery (PcomA) aneurysms. Methods: In 89 PcomA aneurysms (58 ruptured, 31 unruptured), clinical and morphological characteristics were compared between the ruptured and unruptured groups. Multivariate logistic regression analysis was performed to determine the independent predictors for the rupture status of PcomA aneurysms. Results: In univariate analyses, the aneurysm dome size, aspect ratio, size ratio, dome-to-neck ratio, and inflow angle were significant parameters. With multivariate analyses, only the aneurysm dome size and inflow angle were significantly associated with the rupture status of PcomA aneurysms. Conclusions: Morphology was related with rupture of PcomA aneurysms. The aneurysm dome size and inflow angle were found to be the independent parameters characterizing the rupture status of PcomA aneurysms.
Introduction
Intracranial aneurysms (IAs) affect 7%-8% of the population according to recent studies on their natural histories. Nevertheless, the rupture rate is relatively low at approximately 1% per year [1] [2] . Although the complication rates of microsurgery and endovascular treatment have decreased significantly, clinical decisionmaking for the management of unruptured IAs remains challenging for neurosurgeons. Therefore, the accurate assessment of rupture risk is increasingly demanded.
Many studies have been conducted to assess the predictors of IAs rupture. These predictors are usually broken down into three different categories consisting of clinical, morphological, and hemodynamic characteristics [3] [4] . Compared to the clinical and hemodynamic characteristics, morphological parameters are more accessible, convenient, and quantifiablefeatures that are considered ideal for predictors of clinical rupture risk assessment. Although a wide range of morphological parameters were believed to contribute to the characterization of the risk of rupture of IAs, studies on the predictors of aneurysm rupture have conflicting results [5] [6] . This may be due to the fact that most previously published studies included aneurysms from multiple locations despite the variable and distinctive natural histories of aneurysms at different locations [7] . In order to mitigate the biases caused by the inherent differences between IAs at different locations, studies on the IAs in a single location may be more reasonable. Accounting for approximately 15%-25% of IAs cases, posterior communicating artery (PcomA) aneurysms occur frequently, and have a relatively high rupture risk [2, [8] [9] . Therefore, the determination of the morphological predictors of PcomA aneurysms rupture is considered clinically meaningful.
Materials and methods
The Institution Review Board of the Second Military Medical University affiliated Changhai Hospital approved this retrospective study. The informed consent requirement was waived.
Patients and baseline characteristics
Based on three-dimensional digital subtraction angiography (3D-DSA), 89 cases of PcomA aneurysms from 81 consecutive patients who were diagnosed in our hospital from January 2012 to December 2013, were included in this study. Fifty-eight aneurysms ruptured and presented with subarachnoid hemorrhage (SAH) while 31 cases remained unruptured. The rupture statuses of multiple aneurysms in patients with SAH were determined either from the hemorrhage patterns on computerized tomography (CT) scans or from intraoperative findings. The baseline characteristics were collected based on age and gender, as well as the presence of hypertension, current smoking, a history of familial SAH, homolateral oculomotor nerve palsy, fetal PcomA type, and multiple aneurysms. Hypertension was defined as a systolic blood pressure of ≥140 mm Hg, or a diastolic blood pressure of ≥90 mm Hg before the onset of SAH. A fetal-type of PcomA was defined as the presence of an aneurysm with similar or larger caliber as the P2 segment of the posterior cerebral artery and is associated with an atrophic P1 segment.
Imaging acquisition and morphological parameters
Three-dimensional DSA was performed using the Artis zee Biplane angiographic system (Siemens, VC14, Germany). We adopted the 5s DSA acquisition protocol and a total of 18 mL of contrast agent was injected through the internal carotid artery at the rate of 3mL/s with a 1 second x-ray delay. During the 5 seconds of acquisition, a 200-degree rotation of the C-arm was performed to obtain 133 frames. The 3D internal carotid artery vessel tree was automatically reconstructed at the syngo X Workplace (Siemens, VB15, Germany) and then exported in the stereolithography (STL) format. The GEOMAGIC STUDIO 9.0 software (Geomagic, Morrisville, North Carolina) was used for preparing the vessel structure for CFD simulation. The neck plane was defined as the location of the outward protrusion of the aneurysmal sac from the parent vessel. The 3D-vessel was subdivided into the aneurysm, as well as the inlet and outlet planes of the parent artery, and subsequently exported in STL formats. These formats were imported into the Matlab 7.0 (The MathWorks, Inc., Natick, MA, USA) software for visualization and calculation of the morphological parameters. In this study, seven morphological parameters, including size of the aneurysm dome, aspect ratio (AR), size ratio (SR), dome-to-neck ratio (D/N), bottle-neck factor (BN) and inflow angle, were measured and calculated as previously reported [6, 10] (Figure 1) . 
Statistical analysis
Statistical analyses were performed using the Microsoft Excel 2003 and SAS 9.1 (SAS Institute Inc, Cary, NC, USA) soft wares. Variables were expressed as medians (interquartile range), or proportions (%), as appropriate.
The chi-square test was performed for cross-tabulation and the Mann-Whitney U-test was used for data measurement. Only the parameters found to be significant (P<0.05) in the univariate analysis were further analyzed in the multivariate logistic regression model. The parameters that remained significant were identified during the multivariate logistic regression (backward elimination) analysis. Lastly, we performed receiver operating characteristic (ROC) curve analysis of the regression model. A P<0.05 (two sided) was the criterion for statistical significance.
Results

Univariate analysis
The patients' ages ranged from 45 to 81 years old (mean age of 58.7 years old). Among the 81 study par-ticipants, 24 were males and 57 were females. None of the clinical variables that were included in this study showed significant differences between the ruptured and unruptured groups (P > 0.05). Among the morphological parameters, the size of the aneurysm dome (P = 0.007), AR (P = 0.001), SR (P = 0.006), D/N (P = 0.001), and the inflow angle (P = 0.004) was significantly different between the 2 groups. There were no significant differences in the BN factor (P = 0.449) between these two IAs groups ( Table 1) .
Multivariate logistic regression
Multivariate logistic regression was performed in order to identify the independent risk factors of IA rupture using a backward elimination process. All the parameters that were significant in univariate analysis were included in the analysis. Ultimately, only the size of the aneurysm dome (Odds ratio (OR) = 1.253, 95% confidential interval (CI): 1.027-1.529, P = 0.027) and the inflow angle (OR, 1.445, 95% CI: 1.164-1.793, P = 0.001) remained in the regression model. The ROC value of the model was 0.748 (95% CI 0.660-0.837, P < 0.001) ( Table 2 ). 
Discussion
In this study, we investigated the morphological characteristics of PcomA aneurysms and found that the size of aneurysm dome and inflow angle were significantly associated with their rupture. Accurate assessment of the rupture risk is essential for proper clinical decision-making in unruptured IAs. Although many studies had previously attempted to determine the predictors of IAs rupture by focusing on the clinical, morphological, or hemodynamic characteristics, some of their findings were controversial [3, [11] [12] . This may be explained by the fact that the rupture risk of IAs depends largely on their anatomical locations. Wiebers et al. [9] reviewed 4,060 patients with IAs and found that the risk of rupture of the posterior circulation and PcomA aneurysms was significantly higher than that of aneurysms in the anterior circulation. The rupture risk differences might result from various factors including the distinct thickness of the parent vessel, and surrounding anatomic structures [7] . However, most of the clinical, morphological, or hemodynamic studies focused on IAs from multiple anatomical locations. Conflicting results were reported when the location of the aneurysms was not considered [11] [12] . Hence, it may be more reasonable to perform the rupture risk analysis only on aneurysms from a single anatomical location [13] [14] . One of the most frequent types of IAs, PcomAs account for approximately 15%-25% of all cases [15] . According to a recent Japanese study on the natural history of unruptured aneurysms, the risk of PcomA aneurysm rupture is relatively higher at 1.72% per year [2] . Therefore, we focused only on PcomA aneurysms to determine the morphological predictors of rupture in this study.
Clinical characteristics were recognized as important factors affecting the risk of rupture in aneurysms [4] . In this study, the clinical characteristics were balanced between the ruptured and unruptured groups, with no significant observed differences. This could be helpful in eliminating patient selection bias during morphological analysis.
An increasing number of morphological parameters have been involved in rupture risk determination in aneurysms [6, 10] . The size of the aneurysm dome was believed to be a significant parameter for predicting the rupture risk of aneurysms. Size was an independent risk factor of PcomA aneurysms rupture in our study. According to the International Study of Unruptured Intracranial Aneurysms (ISUIA), small aneurysms have a relatively low risk of rupture [9] . Nevertheless, in a study by Forget et al. [16] , 85.6% of ruptured aneurysms were small aneurysms. In a separate study, PcomA aneurysms exceeding 7 mm were not significantly more common in patients with SAH [14] . These conflicting findings might suggest that size alone cannot characterize the rupture risk of IAs.
Therefore, this study also introduced other recently recognized morphological parameters, including AR, SR, D/N, BN, and inflow angle [6] . In the univariate analysis, AR, SR, and D/N were significantly more common in the ruptured group. However, these variables were not retained in the multivariate logistic regression model for rupture risk assessment. This result indicated that these parameters might be closely related to the size of the aneurysm dome.
Unlike the other included parameters (i.e., AR and SR) that focused on the geometry of the aneurysm dome itself, inflow angle reflected the relationship between the aneurysm dome and parent vessels [5, 17] . Our study found that the inflow angle was an independent predictor of the risk of rupture of PcomA aneurysms, which was consistent with several previous studies [17] [18] . Previous hemodynamic studies revealed that the hemodynamic pattern inside the aneurysm dome is partially determined by the spatial relationships between the aneurysm dome and its parent vessels [17] . More direct flow into the aneurysm dome increases the flow velocity and the size of the shear jet zone, which might be important factors for increased rupture risk. Xiang et al. [13] also obtained several logistic regression models based on the morphological-hemodynamic analysis of 119 IAs from different locations. Although wall shear stress and oscillatory shear index were also in the hemodynamic model, only SR was retained in the morphological model. Since hemodynamic calculations are a timeconsuming process, they may have limited use in timely clinical decision-making. Therefore, morphological parameters may be better at rapidly predicting the risk of rupture of IAs in the clinical setting. The stability and efficiency of the logistic regression model in this study will be further tested in future research.
Limitations
The study has several limitations including the small sample size, which is a major limitation in this retrospective study. Additionally, the morphology of PcomA aneurysms might change after rupture and affect the accuracy of measurements. Finally, the logistic regression model was developed only for PcomA aneurysms, and cannot be applied to aneurysms at other anatomic locations.
Conclusions
Morphological characteristics are involved in the risk of rupture of PcomA aneurysms. The size of the aneurysm dome and inflow angle are independent predictors of the risk rupture of PcomA aneurysms.
